Impaired potassium-induced insulin secretion in chronic renal failure.
permeability of cellular membrane to potassium is affected by cytosolic calcium ([Ca2] i) [21] [22] [23] , it is possible that excess PTH by inducing a rise in [Ca2]i is a major factor underlying the impairment in extrarenal disposal of potassium in CRF. Indeed the studies of Sugarman and Kahn [2, 3] and ours [5] support this proposition in that prevention of secondary hyperparathyroidism in CRF by parathyroidectomy (PTX) or blockage of the excessive PTH-induced entry of calcium into cells by a calcium channel blocker corrected the abnormality in extrarenal potassium handling [5] .
However, excess PTH in CRF may interfere with extrarenal disposal of a potassium load through another pathway. Potassium stimulates insulin release from the pancreas [24] and many studies have demonstrated that insulin is an important regulator of extrarenal disposition of potassium [61. Since secondary hyperparathyroidism of CRF impairs glucose-induced insulin secretion [12, 18, 25] , it is possible that it also interferes with potassium-induced insulin secretion which would contribute to the overall process underlying the derangement of extrarenal potassium handling in CRF. The present study was designed to examine the effect of CRF with and without excess PTH on potassium-induced insulin secretion by pancreatic islets.
Methods
Male Sprague-Dawley rats weighing 170-250 g were studied. They were fed normal rat chow diet (ICN Nutritional Biochemical, Cleveland, Ohio, USA) throughout the study and were allowed to drink ad libitum. Experiments were performed in five groups of animals: a) normal rats, b) rats with CRF of 42 days duration, c) CRF-PTX rats maintained normocalcemic d) CRF rats treated with verapamil (0.1 .tgIg body wt) given subcutaneously twice a day from day one of CRF (CRF-V), e) normal rats treated with verapamil for 42 days (normal-V). CRF was produced by 5/6 nephrectomy; the animals underwent right 2/3 nephrectomy through a flank incision and a week later, a left nephrectomy was performed. PTX was performed by electrocautery, and the success of the procedure was ascertained by a decrease in serum levels of calcium of at least 2 mg/dl. The PTX rats were allowed to drink water containing 5% calcium gluconate; this procedure is adequate to normalize serum calcium in the PTX rats. Seven days after PTX, the rats were subjected to 5/6 nephrectomy. Two days before the sacrifice of the animals, they were housed in metabolic cages to obtain two consecutive, 24-hour urine collections for the measurement of creatinine clearance. The night before each study, the rats were fasted for 16 hours. The animals were sacrificed by decapitation after 42 days following completion of the 5/6 nephrectomy in CRF rats (CRF, CRF-PTX, CRF-VER) and after 42 days of verapamil treatment of normal rats. The pancreas was removed, dissected free of adipose tissue and lymph nodes. The islets of Langerhans were isolated by the collagenase digestion method [26] and picked under a dissecting microscope.
Potassium-induced insulin secretion was examined by dynamic perifusion studies of pancreatic islets. The details of this technique have been reported previously from our laboratory [25] . Twenty size-matched islets were used in each study. First, the islets were perifused with Krebs-Ringer bicarbonate buffer (pH 7.4) containing 2.8 m glucose and 3.5 mr..i KCI for 30 minutes. Thereafter, the potassium concentration was increased to 20 mrvi and the perifusion was continued for additional 30 minutes. Effluent was collected for six minutes prior to the change in potassium concentration and for 30 minutes thereafter for a total of 21 collections. Insulin secretion began to increase two minutes after the change of potassium concentration. Therefore, the average value of insulin release during the six minutes prior to the change in potassium concentration and the two minutes immediately thereafter were used as baseline level. The changes in insulin secretion from baseline with time were examined by calculating area under the curve for each study. This calculation allowed us to estimate insulin release during the initial phase (8 mm including 3rd through 10th minutes) which is known to increase in response to potassium.
It should be mentioned that the concentrations of potassium (20 mEq/liter) used in the perifusate of the pancreatic islets were high and did not correspond with potential changes of potassium in vivo. However, the choice of 20 mEq/liter of potassium was made since lower concentrations of potassium elicit small changes in insulin secretion. Gomez and Curry [24] found that increasing potassium concentration to 8, 12 mEq/ liter produced very little change in insulin secretion. We also found in preliminary studies of static incubations [25] that increasing potassium concentration to 8, 12, and 20 mEq/liter produced an increase in insulin secretion of 5.3 2.6, 8.1 3.1, and 15.0 3.7, pg/islet/mm, respectively.
Cytosolic calcium of the pancreatic islets was measured with fura 2/AM (Sigma Chemical Co., St. Louis, Missouri, USA) as described by Komatsu et al [271. This technique utilizes entire islets and not dispersed islets cells as we have reported previously [12] . One hundred and fifty islets, isolated from the pancreas of one rat, were loaded with fura 2/AM by incubation in 2 M of fura 2/AM for 30 minutes in an incubation medium containing the following in mM: 128 NaCI, 3.5 KCI, 1 MgCI2, 1.2 KH2PO4, 1.0 CaC12, 1.25 NaHCO3, 20 HEPES, 2.8 glucose and 5 mg/mI BSA (pH 7.4). To remove the unincorporated probe, the islets were centrifuged for three to five seconds in an Eppendorf microfuge and washed twice and finally suspended in 2 ml of the incubation media. Measurement of fluorescence was done with Perkin-Elmer fluorescence spectrophotometer model LS-5B (Perkin-Elmer, Norwalk, Connecticut, USA) at excitation wavelength of 340 nm and emission wavelength of 510 nm. Komatsu et al found that the fluorescence signal of the preparation of the islet remains stable for at least a period of 25 minutes at excitation wavelength of 340 nm and emission wavelength of 510 nm. We also examined this issue in our studies and found the fluorescence signal of our preparation to be stable for at least 30 minutes, indicating that no leak of dye occurred over this period of time. After recording a steady state, 10 d of 3.4 M KCI stock was added to the 2 ml islet suspension to raise the KCI concentration to 20 m and the fluorescence was recorded for 20 minutes. Maximal flourescence (Fmax) and minimal fluorescence (Fmj) were estimated as previously reported [19] . The islets were lysed by 0.07% triton X-100 to obtain the Fmax; subsequently 5 mi''i EGTA (pH 13.2) was added to obtain the Fmjn. Islets were washed before each experiment and the above-mentioned calibration for fura 2 signal was performed after each experiment, To eliminate the effect of autofluorescence due to cuvette, medium and unloaded islets, autofluorescence was measured before each experiment and was accounted for by setting the fluorometer to autozero Insulin was determined by charcoal-coated radioimmunoassay using rat insulin as standard [29] . Serum level of PTH was determined by INS-PTH immunoassay kit (Nichols Institute Diagnostics, San Juan, Capistrano, California, USA). This assay recognizes the aminoterminal fragment of PTH. The lowest detectable level is 3 pg/mI, the interassay variation is 7.3% and intraassay variation is 4%.
Statistical analysis was done with the Clinfo computer system. The data are presented as mean SE. Changes in parameters with multiple measurements with time were evaluated by calculating the area under the curve for each experiment utilizing the trapezoidal rule. The significance of the differences in the data of the various groups was made by one-way analysis of variance and Duncan multiple range test. Results The biochemical data in the five groups of animals studied are given in Table 1 . The 5/6 nephrectomy was associated with significant (P < 0.01) elevation in the concentration of creatinine in plasma with the values being three to four times higher than normal. There were significant (P < 0.01) reductions in creatinine clearance in CRF, CRF-PTX and CRF-V rats as compared to values in normal and normal-V rats. The values of creatinine clearance in CRF, CRF-PTX and CRF-V rats were not different. The plasma concentrations of calcium and phosphorus in the five groups were not different. Plasma potassium in CRF rats was significantly (P < 0.01) higher than all other groups and it was normal in CRF-PTX and CRF-V rats; these observations were similar to those previously reported from our laboratory [5] . The serum levels of PTH in CRF and CRF-V rats were significantly (P < 0.01) higher than those in normal, normal-V and CRF-PTX rats, and the values in the latter animals were significantly (P < 0.01) lower than those in the other groups. The values between normal and CRF-PTX rats were not different. Treatment of CRF rats with verapamil corrected the abnormality in insulin secretion by pancreatic islets isolated from these rats (Fig. 2) . The area under the curve in CRF-V rats (185 22.5 pg/islet 8 mm) was significantly (P < 0.01) higher than that in CRF rats and not different from those in normal and CRF-PTX rats. Verapamil treatment of normal rats did not affect insulin secretion by islets isolated from these rats with area under the curve, being 200 40.6 pg/islet 8 mm. Figure 3 depicts the basal levels of cytosolic calcium in the various groups studied, and Table 2 The values in CRF animals were significantly higher than the other 4 groups of rats. [Ca2] i ratio in the islets from normal-V and CRF-V rats were not different from those in islets of normal rats, they were lower than values in islets from CRF-PTX rats.
Discussion
Our data, as those of others [24] , show that potassium stimulates the initial phase of insulin secretion from islets isolated from normal rats, and further demonstrate that the potassium-induced insulin secretion is significantly (P < 0.01) reduced in islets isolated from CRF rats. This derangement is prevented by prior PTX of the CRF rats or by their treatment with the calcium channel blocker, verapamil.
Potassium-induced insulin secretion is mediated by a rise in [Ca2] i [30] [31] [32] . Potassium depolarizes the islet membrane and allows calcium to enter the islet, resulting in an acute rise in [Ca2]i, which in turn triggers cellular events that leads to insulin secretion [32] . It has been suggested that an appropriate response of cells to agonists requires adequate calcium signal ( [Ca211i/basal [Ca2Ji ratio and hence normal insulin secretion. A corollary to our studies in pancreatic islets is found in observation in human polymorphonuclear leucocytes (PMNL) from dialysis patients and high blood levels of PTH [19] . The PMNL in these patients had elevated basal levels of previously defined by us [12] . They involved augmented calcium entry, inhibition of mitochondrial oxygen consumption, reduced ATP content, and impaired calcium extrusion secondary to reduced activity of Ca2 ATPase [12] . The demonstration that potassium-induced insulin secretion is reduced in CRF indicate that this defect in insulin secretion contributes, at least partly, to the impaired extrarenal disposal of a potassium load in CRF. These data provide another pathway through which excess PTH in CRF may participate in the reduced extrarenal disposition of potassium.
